Various combinations of density functionals and pseudopotentials with associated valence basis-sets are compared for reproducing the known solid-state structure of
Introduction
Vanadium occurs in nature as a trace element. It is essential for several organisms. In particular, it is implicated in the synthesis of chlorophyll in green plants and in the normal growth of some animals 1 and may also be essential for humans. 2 In recent decades, in vivo and in vitro studies of the biological effects of this metal have revealed other important effects, both at the whole organ and cellular levels. These include the ability to inhibit certain enzymes, such as phosphatases, ATPases, phosphotransferases, nucleases, and kinases, the possibility of mimicking the effects of insulin, in addition to their capacity to reduce cholesterol biosynthesis and triglyceride levels in blood plasma and, consequently, to reduce the incidence of cardiovascular diseases. Further, they show the ability to enhance mineralization in teeth and bones, 3 and may have antitumorigenic properties. 4, 5 Vanadium is present at the active site of certain enzymes, including a vanadium nitrogenase in the nitrogen-fixing bacterium Azotobacter, and haloperoxidases present in lichens and marine algae. 1, 2 Haloperoxidases catalyze the oxidation of halides by hydrogen peroxide and are thought to be involved in the biosynthesis of a large number of marine natural products, many of which have potent antifungal, antibacterial, antineoplastic, antiviral (e.g., anti-HIV) and anti-inflammatory properties. 6 Vanadium chemistry is characterized by the presence of a multiplicity of oxidation states. Of the six known oxidation states for this metal, only the +3, +4, and +5 ones are important at the biological level, with the tetra and pentavalent ones being the most common. The oxidation states below +3 are generally too reducing to exist in aqueous medium at neutral pH. 7 Peroxo vanadium(V) complexes have, for several years, been the object of particularly intense investigation. These complexes show antitumorigenic 5 activity and also enhanced insulinomimetic 2,8 activity compared with the anionic salts of the higher oxidation states of vanadium. Additionally, these complexes have been studied as functional models [9] [10] [11] for the haloperoxidase enzymes and are efficient oxidants for a variety of substrates, including benzene and other aromatics, alkenes, allylic alcohols, sulfides, halides, primary and secondary alcohols.
12-14
Peroxovanadium complexes with R-hydroxycarboxylic acids are of particular biochemical relevance, since many of these exist in biological media and are involved in several basic physiological processes.
In the past, we reported a study 15 of the system V(V)-Llactic acid-H 2 O 2 in aqueous solution using multinuclear NMR spectroscopy and proposed structures for the corresponding peroxovanadium(V) complexes. The solid-state structure of one of these complexes has been presented, 16 but detailed information is lacking on the structures of the other complexes found in aqueous solution. In this study, we have applied density functional theory (DFT) to study the structures and to simulate the solution NMR chemical shifts of the complexes. The comparison between the theoretical NMR chemical shifts and the experimental values affords, in principle, an excellent means of structural evaluation, in addition to validation of the computational methods used for determining the geometries and for calculating the NMR parameters. We have also analyzed the ability of DFT methods to predict some structural aspects of these and other complexes of R-hydroxycarboxylic acids.
Computational Details
The molecular structures were optimized at the DFT level without symmetry constraints using the GAMESS code. 17 We have chosen the known X-ray structure and solution NMR parameters of the
cis (L-2cis; cf. Scheme 1) to evaluate the performance of different density functionals and pseudopotential/ basis-set combinations for reproducing the solid-state structures and solution NMR shifts of V(V) oxo and oxoperoxo complexes. The exchange-correlation functionals compared were the B3LYP (Becke three-parameter Lee-Yang-Parr) 18, 19 ReV. Oncol. Hemat. 2002, 42, 249-265. (6) Butler, A.; Walker, J. V. Chem. ReV. 1993 , 93, 1937 -1944 ReV. B 1988 , 37, 785-789. (20) Becke, A. D. Phys. ReV. 1988 In GAMESS only the exchange PBE functional is implemented, which is why this was used in combination with the correlation functional LYP. (22) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. ReV. Lett. 1996, 77, 3865-3868; Erratum: 1997 Erratum: , 78, 1396 Erratum: -1396 
Scheme 1
The gradient threshold for optimizations was taken as 10 -5 hartree bohr -1 . In the optimization, we started using data from the X-ray crystallographic structure. The structure was also optimized by molecular mechanics calculations, using the MM+ force field, with HyperChem v6.03 software from Hypercube Inc., U.S.A., and a Polak-Ribiere conjugated gradient algorithm for energy minimization with a final gradient of 0.05 kcal/A mol. Optimization was made in a box of 256 water molecules. The relative energies of isomers presented in the discussion include zero-point vibrational energy corrections.
On the basis of the optimized structures, nuclear shieldings have been computed at the DFT level [32] [33] [34] [35] [36] 
Results and Discussion
I. Validation for L-2cis. To decide which method is best to clarify details of our previously proposed structures of the V(V)-L-lactic acid-H 2 O 2 complexes, 15 we have used DFT and MM at different theoretical levels to optimize the
2-cis (L-2cis) (Scheme 1). This is the only peroxocomplex found in the solid state for this system 16 and is also one of the complexes formed with this system in aqueous solution. The results obtained in the gas phase at the different theoretical levels are compared with the experimental data for the solid-state structure in Table 1 .
In general, reasonable agreement is seen between the results obtained at various DFT calculation levels and the X-ray diffraction data. The only major divergence comes with the O(11)-O(12) distance, where we feel that the experimental value is anomalously short. This is probably an artifact due to disorder in the crystal, as observed for other oxomonoperoxo complexes of V(V). 48 In all other cases, the differences between the theoretical and experimental bond lengths are within the order of a few hundredths of an angstrom, and the bond angles agree within a few degrees. It can also be noted that the computations predict an almost symmetrical structure (with effective C 2 symmetry) for the complex, whereas the X-ray structure is asymmetrical. This is not unexpected because the solid-state asymmetry is probably caused by crystal packing induced intermolecular interactions, which are absent in the gas phase (isolated molecule) conditions used in these calculations. Results obtained with PBELYP and BVWN functionals are close to the BLYP data and are omitted here.
The overall differences among the parameters obtained by the various methods are relatively minor and depend somewhat on the structural parameters considered. If we start with the V-O distances, we note that the DFT calculations tend to overestimate the distances to the carboxylato and hydroxo oxygen atoms of the ligands. This is not unexpected and is partly due to the neglect of the electrostatic influence of the crystal environment. The overestimation is most pronounced at the GGA level and improved by increasing exact-exchange admixture such that BHHLYP provides the closest agreement with experiment. The influence of the pseudopotential and the basis set is moderate: The SDD pseudopotential results are in excellent agreement with the all-electron ("WACHTERS") results, confirming the good performance of these ECPs, and, probably, the relatively low importance of scalar relativistic effects for the early 3d element vanadium. The SBKJC bond lengths are slightly shorter here and thus move the distances fortuitously somewhat closer to the experimental values. This will be important for the subsequent discussion.
The short VdO distances to the oxo ligands exhibit a smaller variation between experiment and the different computational results. However, as we expect them to be particularly important for the ( 
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when employed with B3LYP. The fact that the SBKJC distances are slightly longer and closer to the experimental data is probably fortuitous. The distances between peroxo oxygen atoms and vanadium exhibit a dependence on the functional closer to the V-O(hydroxo) and V-O(carboxylato) distances yet with slightly too short distances at B3LYP/WACHTERS and B3LYP/SDD levels. The B3LYP/SBKJC value is slightly too long, and we expect that BHHLYP/SBKJC would provide the best overall agreement. Finally, the peroxo O-O distances tend to be overestimated, except for the B3LYP/ SDD and B3LYP/WACHTERS levels. Only the O(13)-O(14) distance can be compared, but we expect identical behavior for O(11)-O(12). We note that there is only a relatively small variation for the other intra-ligand distances and the angles.
Because we wish to reproduce condensed-phase NMR data, our selection of a suitable computational protocol to be applied to the other complexes studied (see below) has to consider, in particular, those structural parameters that are expected to influence the shifts most markedly. This premise holds true both for V-O distances, in particular the VdO(oxo) bond lengths, and also the peroxo O-O distance. In general, the B3LYP/SBKJC level appears to provide a reasonable compromise and seems to be a good choice. The exception involves the peroxo group, where too long peroxo O-O bond lengths are predicted at this level. This will affect the 17 O shifts of the peroxo ligands (see below). We note in passing that differences between the MM and the X-ray structural parameters are slightly larger. We have also tested the effect of the solvent by optimizing the structure of the complex in a box of 256 water molecules at the MM level. However, the equilibrium geometry does not appear to be affected by the presence of the solvent (the results are not shown for simplicity).
These considerations will now be developed further through computing NMR shifts for L-2cis. Table 2 reports computed chemical shifts for various nuclei of L-2cis in comparison with experimental solution NMR data. In addition to excluding rovibrational and environmental effects on the structures, these calculations also neglect environmental effects on the shifts at a given structure and assume that the chosen UDFT-IGLO-PW91 level with associated basis sets (see Computational Details) is adequate. 49 On the basis of previous MD-simulations, for the 51 V shifts, neglect of (49) Figure 1 shows the structures of the four complexes optimized at the B3LYP/SBKJC level, while Table 3 presents some geometrical parameters for the complexes L-1cis, L-1trans, and L-3cis. The structure of L-2cis has already been given in Table 1 .
In the past, 15 we have proposed structures for the L-lactic acid oxoperoxo vanadium(V) complexes which have sevencoordinated oxoperoxo metal centers. During the present optimization of these structures we have found that in every case a water molecule has been expelled from the coordination sphere of the seven-coordinated centers, leading to sixcoordinated centers together with externally hydrogenbonded water molecules. A similar result has been obtained by + in the gas phase occurs for n ) 3, that is, at a coordination number of six. In the solid state with R-hydroxycarboxylic acids, V(V) forms pentagonal pyramidal oxoperoxo complexes (six-coordinated) in some cases and, in other cases, pentagonal bipyramidal oxoperoxo complexes (seven-coordinated) (e.g., refs 52 and 53). The geometries shown in Figure 1 are the result of reoptimization after the hydrogen bonded water molecules have been removed. The isomerism between L-1cis and L-1trans results from the fact that the CHOH carbon of lactic acid is asymmetric, thus allowing two different orientations of the acid relative to the VdO bond of the oxoperoxo center. In our previous paper, 15 based on incomplete information on the system, a different nature of the isomerism was proposed. Our new, revised explanation arises from a subsequent comparative study with homologous systems. 54 In the solid state only the cis arrangement is found. 16 On the basis of this, we proposed , a value which falls within the error limit expected for the calculation). b Very minor differences were found for formally symmetry-equivalent sites due to imperfections of the optimized geometries (respectively, at the different calculation levels, ( 1.2, 1.0, 0.4, 1.7 and 2.0 ppm for V(1)/V (2) 
2). Bühl and co-workers 55 calculated the 51 V shifts of a set of vanadium(V) oxocomplexes at various theoretical levels and found a mean absolute difference between the theoretical and the experimental 51 V shifts of 169 ppm, 114 ppm, 119 ppm, and 118 ppm using, respectively, the SOS-DFPT-LOC1/IGLO/PW91, the BP86/GIAO, the B3LYP/GIAO, and the B3LYP/IGLO approximations. Our results for the oxoperoxo centers using the UDFT-IGLO-PW91 approximation are of similar quality, whereas agreement with experiment is a bit closer for the dioxo centers. We presume that the larger errors for the oxoperoxo centers arise partly from the overestimated O-O bond lengths. As a result, the calculations fail to reproduce the larger shielding (more negative shift) of the oxoperoxo centers compared with the dioxo centers within a given complex. -at the B3LYP/GIAO level. Computations for several structures obtained by optimization at different computational levels were performed. Depending on the structure chosen, the differences between the experimental (-692 ppm) and computed shifts varied from 37 to 128 ppm. In view of the total chemical shift range of vanadium (ca. 3500 ppm), and of the sensitivity of the shifts to small structural details, these differences can be considered as acceptable. Table 1. the experimental shifts were obtained in solution at approximately 293 K, while the theoretical calculations involve optimization of the isolated molecule in the gas phase at low pressure, and calculation of the absolute shielding constants for the static molecule in its equilibrium geometry. In this procedure it is assumed that the temperature effects (rovibrational effects) and the zero-point energy and solvent effects on the chemical shifts are small. Explicitly, it is assumed that these effects are similar for the molecules under consideration and for the reference compounds, for which the shielding constants have also been calculated. 50 Table 5 shows that, in spite of the appreciable systematic errors of the calculations, good agreement with relative 51 V shifts of oxoperoxo vanadium centers can be achieved by the chosen DFT methodology. Experimental and computed ∆δ( 51 V) values, that is, the shifts upon complexation relative to the oxomonoperoxo vanadate [VO(OO)(H 2 O) 3 ] + , are provided for the complexes of Figure 1 . For three of the four complexes, the calculations correctly predict that the magnetic shielding of the metal is larger in the dinuclear complex than for the oxoperoxo vanadate [VO(OO)(H 2 O) 3 ] + (i.e., ∆δ < 0). Additionally, the calculations correctly predict that the metal is more shielded in L-1cis, L-1trans, and L-2cis than in L-3cis. The very small ∆δ value with the latter complex appears to be below the uncertainties of this approach.
Some problems with the treatment of the oxoperoxo vanadium groups are also apparent from the 17 O shifts of the oxo groups (Tables 2 and 4) . Deviations from experiment for the dioxo vanadium centers are only about 25-44 ppm. In contrast, the mono-oxoperoxo centers exhibit much larger deviations of about 160 ppm. We attribute this mainly to the overestimated O-O bond lengths (see above). In spite of these deficiencies, the calculations correctly reproduce the observation that the magnetic shielding of the oxo oxygen nuclei of the oxoperoxo centers is larger in either L-1cis or L-2cis (the only complexes for which experimental
+ (for L-1cis, ∆δ expt ) -51 ppm and ∆δ calc ) -152 ppm; for L-2cis, ∆δ expt ) -61 ppm and ∆δ calc ) -142 ppm). The corresponding shifts of the peroxo oxygen atoms have not been observed experimentally, most probably because of broadening arising from fast relaxation. However, the computed shifts predicted for these nuclei are about 300 ppm more shielded than those of the oxo groups. This is consistent with the experimental
O(O-O) shifts of [VO(OO)]
+ (660 ppm) and of VO(OO)(pic)(H 2 O) 2 (641 ppm) 56 and with previous experimental 17 O data for an oxoperoxo complex of rhenium(VII).
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For the 13 C and 1 H chemical shifts, we obtained absolute differences between theoretical and experimental shifts ranging from 0.14 to 9.17 ppm and 0.15 to 0.79 ppm, respectively. As mentioned above, the differences between experimental and predicted shifts are partially explained by the neglect of rovibrational, solvation, and H-bonding effects. These are especially important in the case of 1 H chemical shifts and may lead to significant errors. Figures 2a and 2b show, respectively, the plots of δ( Other error sources that affect all the chemical shifts are deficiencies of the exchangecorrelation functionals, the absence of current-dependent terms in the functionals used, errors due to the fact that the basis sets are (inevitably) finite, and the neglect of relativistic effects (which are expected to be small for 3d complexes 58 ). L-1cis has two nonequivalent lactate molecules (cf. Figure  1) . One unresolved question in our previous NMR paper 15 was the attribution of the two sets of experimental 13 C and 1 H shifts assigned to L-1cis to the corresponding two (56) Reynolds, M. S.; Butler, A. Inorg. Chem. 1996 , 35, 2378 -2383 Table 2 . e There is the possibility of a reverse assignment between C(16) and C(18).
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molecules. The same problem was observed with L-1trans. The present calculations of the shifts reveal a clear correspondence between the calculated and the experimental shifts for the lactate molecules in each complex. This enables the reliable assignment of the spectra (as given in Table 4 ).
III. Structural Aspects. We will now discuss some structural features commonly observed in the structures of oxoperoxo vanadium(V) complexes of R-hydroxycarboxylic acids. In our previous studies of the complexation of V(V) and peroxide in solution with glycolic, 59 L-lactic, 15 and L-malic acids 60 we found that V(V) forms oxomonoperoxo vanadium complexes, that is, one peroxide unit per vanadium center; with lactic acid an oxodiperoxovanadium 61 complex is also formed but in very small concentration. Other metals form oxodiperoxo complexes with these and related ligands, for example, molybdenum(VI), for which only oxodiperoxo complexes of glycolic acid are known.
62 A further interesting feature is that the V 2 O 2 core, observed by X-ray diffraction in the solid-state structures of the dinuclear V(V) oxoperoxo complexes, always involves hydroxylate oxygen atoms from the deprotonated acid bridging the two vanadium atoms, and there is never an involvement of carboxylate oxygen atoms. A third characteristic common to the solution behavior of these three ligand systems is that they do not form complexes with 1:2 metal/acid stoichiometry. We have used B3LYP/ SBKJC optimizations to see whether computations allow us to rationalize and reproduce these features.
(a) Oxoperoxocomplexes of r-Hydroxycarboxylic Acids: Comparison Between V(V) and Mo(VI). As discussed above, molybdenum(VI) forms a diperoxo complex 62 with glycolic acid, while vanadium(V) forms monoperoxo complexes with this and other R-hydroxycarboxylic acids. With other types of ligands, V(V) may also form diperoxo complexes. We have optimized the structure of a diperoxo complex of Mo(VI) with glycolic acid, and its equilibrium geometry is shown in Figure 3a . We have also optimized a structure homologous to this but with V replacing Mo (Figure 3b ). We can see that, while glycolate keeps its bidentate coordination to the metal in the Mo complex, with V(V) it loses one of its coordination positions. The lack of stability of a diperoxo complex for V(V) with this type of ligand is likely to be related to the high negative charge (-3 vs -2 for the Mo complex). While the charge is partly compensated by the counterions and further interactions in the condensed phase, there is still a reluctance to form a diperoxo complex.
(b) V 2 O 2 Core Involving a Hydroxylate Bridge. Figure  4a shows a hypothetical structure of a peroxo vanadium(V) complex of L-lactic acid in which the oxygen atoms of the carboxylate groups are involved in the formation of the bridges between the vanadium atoms. We have used this structure as a starting point for the optimization, the result being the equilibrium geometry of Figure 4b . We found that the central V 2 O 2 unit was destroyed during the optimization, leading to the formation of a ten-sided, highly unstable ring. This structure is higher in energy by 12.5 kcal mol -1 relative to L-2cis, presented before (and also shown in Figure 4c for comparison), in which the hydroxylate groups bridge the vanadium atoms. These results show that the computational model allows us to correctly obtain higher stability with the involvement of the hydroxylate groups of the acid in the formation of the V 2 O 2 core.
(c) Complexes VO(OO)(acid)(H 2 O) vs Complexes VO(OO)(acid) 2 . The optimization of a structure with 1:2:1 vanadium/glycolic acid/peroxide stoichiometry, VO(OO)-(gly) 2 , in which the glycolate groups are bidentate ( Figure  5a ), results in a geometry in which the two glycolate ligands bind to the metal only through the oxygen atoms of the hydroxylate groups (Figure 5b ). This kind of structure is, probably, not as stable as VO(OO)(gly)(H 2 O), which forms in solution, and in which the acid coordinates through both the functional groups with an additional water ligand. Again, the high negative charge (-3) of the complex may disfavor the 1:2:1 stoichiometrical composition.
Conclusions
Within the context of the role of vanadium(V) species in biology and as potential catalysts, this study has evaluated the performance of various DFT methods (exchange-correlation functional, pseudopotentials, and basis sets) for reproducing the solid-and solution-state structures of a family of dinuclear vanadium oxoperoxo complexes. This was done by (a) direct comparison of optimized gas-phase and experimental solid-state structure parameters for one specific complex and (b) by comparison of computed (gasphase) and experimental (solution) multinuclear NMR data for a series of complexes.
On the basis of B3LYP/SBJKC optimized structures, the NMR chemical shifts were computed at the UDFT-IGLO-PW91 level. Despite obvious systematic shortcomings, such as limitations of existing exchange-correlation functionals, and, in particular, neglect of environmental and dynamical effects in solution, an acceptable predictive power of this ansatz has been found. For example, relative 51 V shifts between different complexes are reproduced reasonably well. The same holds for 17 O(oxo) chemical shifts. The calculations have also allowed the assignment of previously unclear 13 C and 1 H shifts to magnetically inequivalent ligands of identical composition.
We believe that such computational methods may contribute to resolving uncertainties in the attribution of structures of vanadium complexes, both in the solid state and in solution. We have been able to rationalize and even predict some particular structural features of these complexes in the solid state and some aspects of the aqueous solution chemistry of the systems, in particular the bridging of the vanadium atoms in the V 2 O 2 core of dinuclear complexes by hydroxylate bridges, the preference for 1:1 vanadium: peroxide stoichiometry, and the very low stability of complexes with 1:2 vanadium/acid stoichiometry. It is hoped that such methods will be useful also in other cases for 
